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OPTICAL LIMITER HAVING TRIMETALLIC NITRIDE EINDOHEDRAL 

METALLOFULLERENE FILMS 



5 TECHNICAL FIELD 

This disclosure is related to optical thin films, and nonlinear optics. More 
specifically, this disclosure is related to fullerene-based optical limiter devices. 

BACKGROUND 

10 In the discussion of the state of the art that follows, reference is made to 

certain structures and/or methods. However, the following references should not be 
construed as an admission that these structures and/or methods constitute prior art. 
Applicants expressly reserve the right to demonstrate that such structures and/or 
methods do not qualify as prior art against the present invention. 

15 Optical sensors are important, light sensitive devices that are used in light 

detection. They can, however, be damaged if they are exposed to a high enough 
intensity of light. Optical limiters allow transmission of light at a low intensity and 
allow limited transmission of light at higher intensities. Maintaining transmitted 
light below a certain threshold value contributes to protection of light sensitive 

20 elements such as optical sensors and the human eye. 

Active and passive forms of optical sensor protection are known. One form 
of sensor protection may include, for example, special glasses that a welder uses to 
protect the welder's eyes from the high intensity light generated by the welder's arc. 
Active optical limiters may include an optical sensor that can sense high intensity 

25 light and communicate electronically to an actuator to block at least some of the 
light, thereby reducing its intensity and minimizing damage to the sensor. Passive 
optical limiters are based on a wide variety of nonlinear optical phenomena, such as 
reverse saturable absorption, two-photon absorption, thermal lensing effects, 
optically-induced molecular reorientation in liquid crystals. 

30 Optical limiting devices placed between the light source and the sensor can 

provide the sensor with protection from high intensity light. These protective 
devices absorb or scatter high intensity light while transmitting low intensity light 
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from the light source to the sensor. No communication from the sensor or from any 
other device occurs in a passive optical limiting device for the device to regulate 
transmitted light. The increased speed is particularly important for applications 
where the sensor may be exposed to sudden bursts of high intensity light. Optical 
5 limiting devices are used, for example, to protect optical sensors in pulsed laser 
systems. 

There are a variety of other materials that have been used as optical limiters, 
including various chemical compounds and even empty-cage fullerenes, e.g., classic 
fullerene structures where the interior space is empty. Some devices employ an 

10 active system that senses light intensity and controls a variable attenuator to limit the 
transmission through the device. A review of optical limiting devices may be found 
in Lee W. Tuft, et. al., "A Review of Optical Limiting Mechanisms and Devices 
Using Organics, Fullerenes, Semiconductors, and Other Materials," Prog. C^uant. 
Electr, 1993, vol. 17, pp. 299-338, the contents of which are herein incorporated by 

15 reference. 

There are four main performance criteria for which prior materials for optical 
limiters fall short. First, these materials often do not have sufficiently high 
nonlinearity to limit the transmitted light intensity to below the levels at wliich the 
protected optical equipment would be damaged. Second, material response is often 

20 slow, making such materials ineffective in blocking very short high-intensity pulses. 
Third, such materials should, but often do not, recover very rapidly after a limiting 
event in order to minimize the impact of the event on normal operation of the 
system. Fourth, the materials ideally would transmit nearly all of the light at low 
intensity, and therefore would not degrade the normal operation of the system. In 

25 practice, these four performance criteria are often not meet in a single optical limiter 
device. 

SUMMARY 

An optical limiter device comprises an optically transmissive substrate and a 
30 layer on a first surface of the substrate, the layer including a trimetallic nitride 
endohedral metallofullerene. 
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A method of forming an optical limiter device comprises forming a layer 
including a trimetallic nitride endohedral metallofullerene on a substrate by a 
technique selected from the group consisting of a vapor deposition technique, a 
solution technique and a self-assembled monolayer technique. 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 

The objects and advantages of the invention will become apparent from the 
following detailed description of preferred embodiments thereof in connection with 
the accompanying drawings in which like numerals designate like elements and in 
10 which: 

FIG. 1 illustrates an exemplary embodiment of an optical limiter device 
having a layer including a trimetallic nitride endohedral metallofullerene. 

FIG. 2 illustrates another exemplary embodiment of an optical limiter device 
having a layer including a trimetallic nitride endohedral metallofullerene. 
1 5 FIG. 3 illustrates a further exemplary embodiment of an optical limiter 

device having a layer including a trimetallic nitride endohedral metallofullerene. 

FIG. 4 illustrates still another exemplary embodiment of an optical limiter 
device having a layer including a trimetallic nitride endohedral metallofullerene. 

FIG. 5 illustrates an exemplary embodiment of an optical limiter device 
20 having a patterned layer including a trimetallic nitride endohedral metallofullerene. 

DETAILED DESCRIPTION 

Figure 1 illustrates an exemplary embodiment of an optical limiter device 
100. The exemplary optical limiter device 100 comprises an optically transmissive 

25 substrate 102 and a layer 104 on a first surface 106 of the substrate 102. The layer 
104 includes a trimetallic nitride endohedral metallofullerene. A first side 108 of the 
optical limiter device 100 receives incident electromagnetic radiation 110, such as 
laser light or wavelengths from the infrared, visible or ultraviolet spectra, and a 
sensor 1 12 is on a second side 1 14 of the optical limiter device 100. 

30 The trimetallic nitride endohedral metallofullerenes (also called herein a 

trimetaspheres) of the exemplary embodiments have the general formula A3. 
n X n N@C m , where n ranges from 0 to 3, A and X may be trivalent metal atoms/ions 
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and may be either a rare earth metal or a group IIIB metal, m is between about 60 
and about 200, and N is a heteroatom/ion such as nitrogen or phosphorous. The 
trimetallic nitride endohedral metallofullerenes have in the interior space a metal 
atom/ion complexed with a heteroatom/ion (differing from a classic 
5 metallofullerene, e.g., a fullerene with one or more metal ions in an interior space 
(such as Gd +3 @C 60 )). 

The size of the trimetallic nitride endohedral metallofullerene cage increases 
as the ionic radius for the metal increases. For example, to form a trimetallic nitride 
endohedral metallofullerene having a cage size at or below about 68, the metal 

10 atoms preferably have an ionic radius below about 0.090 nm ( 0.005 nm). To form a 
trimetallic nitride endohedral metallofullerene having a cage size between about 68 
carbon atoms and about 80 carbon atoms, the metal atoms are preferably trivalent 
and have an ionic radius below about 0.095 nm (( 0.005 nm). 

Preferably, the trimetallic nitride endohedral metallofullerenes are selected 

15 from the A 3 _ n X n N@C 6 8, A 3 _ n X n N@C 7 8 5 or A 3 - n X n N@C 8 o families of endohedral 

fullerenes. Element A is selected from the group consisting of a rare earth element 
and a group IIIB element, preferably selected from the group consisting of 
Scandium, Yttrium, Lanthanum, Cerium, Praseodymium, Neodymium, Gadolinium, 
Terbium, Dysprosium, Holmium, Erbium, Thulium, and Ytterbium; and more 

20 preferably selected from the group consisting of Erbium, Holmium, Scandium, 
Terbium and Yttrium, and most preferably Terbium. Preferably, Element X is 
selected from the group consisting of a rare earth element and a group IIIB element 
preferably selected from the group consisting of Scandium, Yttrium, Lanthanum, 
Cerium, Praseodymium, Neodymium, Gadolinium, Terbium, Dysprosium, 

25 Holmium, Erbium, Thulium, and Ytterbium, and more preferably is Scandium. 

As used herein, "endohedral" refers to the encapsulation of atoms inside the 
fullerene cage network. Accepted symbols for elements and subscripts to denote 
numbers of elements are used herein. Further, all elements to the right of an @ 
symbol are part of the fullerene cage network, while all elements listed to the left are 

30 contained within the fullerene cage network. Under this notation, Sc 3 N@C 8 o 

indicates that the Sc 3 N trimetallic nitride is situated within a Cso fullerene cage. 
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Preferably, the layer 104 of the optical limiter device 100 shown in the 
exemplary embodiment of Figure 1 includes trimetallic nitride endohedral 
metallofullerenes in the form of thin films including Er 3 N@C 8 o or ErSc 2 N@C8o 
materials. 

5 The thin films including Er 3 N@C 8 o or ErSc 2 N@C 80 materials, or including 

any other trimetallic nitride endohedral metallofullerene materials, can be deposited 
on the surface of the optically transmissive substrate by a vapor deposition 
technique. For example, powders from forming carbonaceous materials in a reactor 
process can be recovered and purified to obtain trimetallic nitride endohedral 

1 0 metallofullerene. An example of this process is disclosed in U.S. Patent No. 

6,303,760, the entire disclosure of which is herein incorporated by reference. The 
recovered and purified trimetallic nitride endohedral metallofullerene are 
subsequently used to form thin films by any suitable technique. Suitable techniques 
included physical vapor deposition, chemical vapor deposition, laser assisted 

1 5 deposition, molecular beam evaporation, evaporation from solution, electrochemical 
deposition and electrophoretic deposition. A vapor deposition technique is 
preferred. In physical vapor deposition, for example, trimetallic nitride endohedral 
metallofullerene gases and/or targets are used in a conventional reactor to produce 
the desired trimetallic nitride endohedral metallofullerenes vapor deposited layers on 

20 a substrate. 

In exemplary embodiments, the layer 104 including trimetallic nitride 
endohedral metallofullerenes has a thickness of a monolayer of trimetallic nitride 
endohedral metallofullerenes to 1 mm, preferably from about 1 nm to about 1 
micron. The thickness can vary based upon design requirements. For example, 

25 thicker films would be used in applications that can tolerate lower transmission at 
low intensity levels but that require more limited transmission at maximum 
intensity. 

In another embodiment, the trimetallic nitride endohedral metallofullerene 
materials may be used in solution to provide optical limiting behavior. For example, 
30 an embodiment of an optical limiter can include a layer having a cavity that contains 
a solution including a trimetallic nitride endohedral metallofullerenes. 



WO 2005/096726 



PCT/US2005/010216 



Figure 2 shows an exemplary embodiment of an optical limiter 200 
comprising an optically transmissive substrate 202 and a layer 204 on a first surface 
206 of the substrate 202. The layer 204 includes a layer material 208 with a cavity 
210 that contains a solution 212 including a trimetallic nitride endohedral 
5 metallofullerene. For example, the layer material can be an optically transmissive 
material (which may be the same material or a different material from the optically 
transmissive substrate) and the solution in the cavity can be a trimetallic nitride 
endohedral metallofullerene dissolved, dispersed or suspended in a solvent such as 
toluene. A first side 214 of the optical limiter device 200 receives incident 
10 electromagnetic radiation 216, such as laser light or wavelengths from the infrared, 
visible or ultraviolet spectra, and a sensor 218 is on a second side 220 of the optical 
limiter device 200. 

Another embodiment of an optical limiter device can include a layer of a sol- 
gel on the first surface of a substrate. For example and as shown in Figure 3, an 

15 exemplary optical limiter device 300 comprises an optically transmissive substrate 
302 and a layer 304 on a first surface 306 of the substrate 302. The layer 304 
includes a sol-gel containing a trimetallic nitride endohedral metallofullerene. A 
first side 308 of the optical limiter device 300 receives incident electromagnetic 
radiation 310, such as laser light or wavelengths from the infrared, visible or 

20 ultraviolet spectra, and a sensor 3 12 is on a second side 3 14 of the optical limiter 
device 300. An exemplary sol-gel includes a polar-solvent-based sol-gel with a 
trimetallic nitride endohedral metallofullerene suspended therein. 

Figure 4 illustrates an exemplary optical limiter device 400 comprising an 
optically transmissive substrate 402 and a layer 404 on a first surface 406 of the 

25 substrate 402. The layer 404 includes one or more self assembled monolayers 

containing a trimetallic nitride endohedral metallofullerene. A first side 408 of the 
optical limiter device 400 receives incident electromagnetic radiation 410, such as 
laser light or wavelengths from the infrared, visible or ultraviolet spectra, and a 
sensor 412 is on a second side 414 of the optical limiter device 400. An exemplary 

30 molecule for use in the self-assembled monolayer is a hydrolized molecule 416. 
However, any method to allow for improved solubility in aqueous or non-aqueous 
solvents can be used. For example, improved hydophillicity can be achieved by the 
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use of ligands such as isochromine, dendrimers, hydroxyl groups, carboxyl groups, 
sulfonates, and so forth and the trimetallic nitride endohedral metallofullerene can 
be selectively hydroxylated, hydrosulfanated, and so forth. The molecule may also 
be optionally functionalized to preferentially bind to the trimetallic nitride 
5 endohedral metallofullerene 418 and/or to the first surface of the substrate. 

Lithographic techniques, masks and other patterning techniques can be 
employed to produce patterned depositions and/or layers having mixed transmissive 
materials and properties. Any of the embodiments of an optical limiter disclosed 
herein can also have a patterned layer including a trimetallic nitride endohedral 
10 metallofullerene, e.g., the thin film layer, the solution-based layer and/or the sol-gel 
layer. 

FIG. 5 illustrates an exemplary optical limiter device 500 comprising an 
optically transmissive substrate 502 and a patterned layer 504 on a first surface 506 
of the substrate 502. The patterned layer 504 includes a trimetallic nitride 

15 endohedral metallofullerene. A first side 508 of the optical limiter device 500 

receives incident electromagnetic radiation 510, such as laser light or wavelengths 
from the infrared, visible or ultraviolet spectra, and a sensor or a plurality of sensors 
512a, 512b, 512c is on a second side 514 of the optical limiter device 500. 

Exemplary patterned layers include one or more portions having a variation 

20 in thickness or material composition across at least a portion of the area of the first 
surface. Examples of patterned layers can include one or more of the following: an 
area 516 with a gradually changing thickness; one or more areas 518 with a step 
change thickness or trench, such as that formed in semiconductor processing; an area 
520 without a layer including a trimetallic nitride endohedral metallofullerene; 

25 and/or an area 522 with, a mixed material composition, for example a sub-area 524 
including a trimetallic nitride endohedral metallofullerene and a second sub-area 
including a filter, coating, or metallic reflector. 

The pattern of the patterned layer can be any suitable pattern. Furthermore, 
the pattern may be selected to match a function of a sensor placed on the second side 

30 of the optical limiter device. 

The substrate may be any suitable optically transmissive substrate. 
Accordingly, as used herein, an optically transmissive substrate is any substrate that 
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permits transmission through the substrate of a desired wavelength of 
electromagnetic radiation. Examples of suitable substrates include glasses, 
including quartz and chalcogenide materials, ceramics, such as AI2O3, and 
semiconductors, such as silicon and GaAs. A preferred example of a substrate is 
5 glass or AI2O3 (sapphire). 

Devices made using trimetallic nitride endohedral metallofullerenes can 
have application in satellite-based and terrestrial-based optical communications 
systems, fiber optic transmission systems, and laser safety windows and eyewear. 
For example, optical features of such systems may have a coating or layer including 
10 trimetallic nitride endohedral metallofullerenes which provides the desired 

performance criteria, including non-linearity, response time, recovery time, and low 
intensity trans mission. 

Further details concerning trimetallic nitride endohedral metallofullerenes, 
their material characteristics and their uses may be found in U.S. Patent No. 
15 6,303,760, the entire disclosure of which is herein incorporated by reference. 

Although the present invention has been described in connection with 
preferred embodiments thereof, it will be appreciated by those skilled in the art that 
additions, deletions, modifications, and substitutions not specifically described may 
be made without department from the spirit and scope of the invention as defined in 
20 the appended claims. 



